interaction architecture and stoichiometry by electron architectures and are mechanistically distinct ( Figure  1C ; see next section). For instance, Mre11 tightly coordimicroscopy, ultracentrifugation, and small angle X-ray scattering of the human and Pyrococcus furiosus MR nates two Mn 2ϩ ions by seven conserved residues whereas APE1 binds a single Mg 2ϩ ion primarily via a complexes. The structure of the P. furiosus Mre11 in complex with dAMP and Mn 2ϩ reveals a molecular single conserved glutamic acid residue (Mol et al., 2000) . In contrast, the structure of the phosphodiesterase momechanism consistent with the in vitro 3Ј→5Ј nuclease activity and indicates that Mre11's active site geometry tifs of Mre11 closely resembles the di-metal (Fe/Zn) binding motifs of Ser/Thr phosphatases. This resemprohibits endonucleolytic cleavage of dsDNA, but allows endonucleolytic cleavage of ssDNA and partially unblance suggests that the di-metal nuclease mechanism of Mre11 is similar to the di-metal protein phosphatase wound dsDNA ends or hairpins. Mapping of eukaryotic mutations onto P. furiosus Mre11 structure indicates mechanism of Ser/Thr phosphatases (Griffith et al., 1995). However, differences in the active site geometry that Nbs1/Xrs2 binds to eukaryotic Mre11 remote from the Mre11 active site. We furthermore show that Mre11 surrounding the immediate metal coordinating motifs reflect the distinct substrate specificities of the Ser/Thr binds to the Rad50 coiled-coil region adjacent to the ABC domain. The specific location of a hydrophobic protein phosphatases (phosphorylated proteins) and Mre11 (DNA). surface patch on this coiled-coil region indicates adjacent Mre11 and DNA binding sites on Rad50 and sugDomain II, which consists of a 5-stranded ␤ sheet (␤12, ␤13, ␤16-␤18) and two ␣ helices, partially caps gests a mechanism for ATP-dependent control of the Mre11 exonuclease by Rad50, by unwinding and/or rethe active site phosphodiesterase motifs of Domain I, suggesting that Domain II plays a role in DNA substrate positioning DNA ends into the Mre11 active site. The electron microscopy, small angle X-ray scattering, and specificity ( Figure 1C ). This Domain II cap appears to be a unique Mre11 feature as no equivalent domain or ultracentrifugation data reveal a M 2 R 2 heterotetrameric architecture of the MR complex, consisting of a single fold is found in the protein phosphatases, APE1, or in a DALI search of the Protein Data Bank. Some rotational DNA binding/processing head at one end of a double coiled-coil linker, which suggests a dual function of the flexibility between Domains I and II (experimentally observed by comparing the two molecules in the asymmet-MR complex in DNA processing and sister chromatid interaction. The heterotetrameric M 2 R 2 complex reveals ric unit cell) may facilitate Mre11's binding to different DNA substrates including hairpins, ssDNA, and dsDNA surprising similarity to the structural and functional architecture of DNA mismatch repair enzymes and ABC ends. Despite this small rotational flexibility, the rms deviation in C ␣ atoms between both molecules in the transporters.
asymmetric unit is only 0.7 Å . Since Domain II is attached to Domain I by three peptide linker chains and a 1850 Å -containing crystals, we observed electron dennucleolytic activities of Mre11, we determined the structure of P. furiosus Mre11 by multiple anomalous diffracsity for two Mn 2ϩ ions, resembling the di-metal active site found in Ser/Thr protein phosphatases (Figure 2A ). tion phasing to 2.6 Å (Table 1) . This Mre11 structure (residues 1-342) lacks 82 C-terminal residues, which The two Mn 2ϩ ions are octahedrally coordinated by seven conserved residues of the phosphodiesterase does not affect endonucleolytic activity ( Figure 1A ), but facilitated crystallization. The resulting high quality exmotifs (Asp8, His10, Asp49, Asn84, His173, His206, His208) and by a bridging water molecule. The four histiperimental electron density ( Figure 1B) , we ob-P. furiosus Mre11 comprises two domains that interact at the active site ( Figure 1C ). Domain I is composed serve only electron density corresponding to one Mg 2ϩ ion bound to the active site, which is not sufficient for of two parallel mixed ␤ sheets (␤15, ␤14, ␤1-␤3 and ␤5, ␤6, ␤4, ␤7-␤9, ␤11, ␤10, respectively) that are flanked catalysis, suggesting why Mre11 is inactive in the presence of Mg 2ϩ (K.P.H., unpublished data). by seven ␣ helices (A-D, D', E, E'; Figure 1C ). Domain I contains five conserved phosphodiesterase motifs, To reveal the phosphodiesterase mechanism of Mre11, we soaked P. furiosus Mn 2ϩ -Mre11 with deoxywhich form the nuclease active site (Bressan et al., 1998; Tsubouchi and Ogawa, 1998). The phosphodiesterase adenosine monophosphate (dAMP represents a product of an exonucleolytically cleaved DNA end) and determotifs are situated in loops connecting the core ␤ strands with their flanking ␣ helices and place the active mined the dAMP-Mn-Mre11 complex structure to 2.2 Å resolution ( Figure 2A ; Table 1 ). The Mre11 active site site at the center of a shallow surface depression on Domain I (Figures 1C and 1D ). Domain I resembles in binds dAMP mainly via the phosphate moiety, which is liganded to Asn84 and His85 and to both Mn 2ϩ ions. The fold and active site location the catalytic domain of calcineurin like Ser/Thr phosphatases and the DNA base double coordination of the dAMP phosphate by both active site metals resembles the binding of phosphoryexcision repair enzyme apurinic endonuclease 1 (APE1). However, although Mre11 and APE1 are both DNA repair lated protein residues in Ser/Thr phosphatases, further supporting a common phosphoesterase mechanism benucleases, they evidently possess different active site . The structural and computational docking results therefore support a unified molecular mechanism for Mre11's broad but characteristic substrate specificity pattern by endonucleolytically cleaving both ssDNA and dsDNA ends/hairpins, the latter of which are partially unwound by ATP-Rad50 to expose ssDNA (Figure 4C ).
Physical Link between Mre11 and the Rad50-ATPase Domain
In all organisms studied so far, Mre11 and Rad50 form a stable complex and are copurified together. To determine the Mre11 binding site on Rad50, we coexpressed and copurified P. furiosus Mre11 with P. furiosus Rad50-ATPase domain constructs that contained increasing lengths of the coiled-coil domain ( Figures 5A and 5B) . To ensure stable complex formation, copurification in- 6C). Together, these EM, SAXS, and ultracentrifugation widths of 40 Å (human and P. furiosus) of the M 2 R 2 complex are exactly half the length but twice the width of data reveal that in the full MR complex, two Mre11 bind to two Rad50-ATPase domains, forming a single heteroa fully extended coiled-coil. The EM results thus indicate that the Rad50 coiled-coil typically kinks back in the tetrameric DNA processing head at the end of the coiledcoil domains ( Figure 6D ). middle and might form a loose four helix bundle composed of two coiled-coils ( Figure 6D ). Although the The EM images indicate that the coiled-coil linker lengths of 600 Å (human) or 300 Å (P. furiosus) and structure of the kink is currently unknown, the evident 
